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AN ABSTRACT OF THE THESIS OF

Noha ElSett for Master of Science
Major: Chemical Engineering

Title: Adsorption of surfactants in thresence of two fluids for Enhanced Oil
Recovery: Experimental investigation using the QOM

Rock wettability when in contact with two fluid phasesl and water plays an

important role in oil recovery from hydrocarbon reservoirs. Water injeci@n a

pressure maintenance mechanism performs substantially better in water wet reservoirs
compared to oil reservoirghis isdue to low relative permeability to water and
tendency of water to imbibe and displace in a watetr system. A whole category of
EnhancedDil Recovery (EOR) processes consists in altering the rock wettability
towards more water wetting used in tbeemical EORndustry. Surfactant water

injection is one of these processes.

In this project, the adsorption of surfactants on silicéases saturated with ag

examined using the Quartz Crystal Microbalangéh dissipation(QCM-D) technque.

This mineral mimicsandstone reservoirshe effect of Sodium Dodecyl Sulfate (SDS)
and Triton %100 concentration is experimentally investighatalong with the effect of
salinity. One light crude oil (crude oil A) and one moderately heavy crude oil (crude oil
B) were used for the desorption process.

The maximum amount of oil desorbed from the silica surface has reached 27.4% and
22.6% using SD&nd Triton %100 respectively. These values are around the CMC. In
addition SDS did not help in reaching higher amount of desorptioan adding salt to

the medium. l@wever,usingTriton X-100, the total percentage of oil desorption has
increased from 83% to 92.9%upon addition of NaCl.

As the concentration of surfactant increases more crude oil B has been desorbed from
the silica sface until reaching the CMC value where no more desorption occurs. In
addition, ncreasing the salinity of the controllsiion has decreased the CMC of two
surfactants leading to reaching the maximum desorpsorg lower surfactant
concentrationOn another note, SDS, an anionic surfactant has led to more desorption
of oil from a negatively charged surface than the naaisarfactant Triton XL00.
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CHAPTER |

THEORETICAL BACKGROWD

A. Enhanced Oil Recovery:

According to Xu et al, around 33% of the original oil in place (OIIP) is recovered
using primary and/or secondary recovery procedures, hence leaving approximatedp 60
as reservefl]. Primary recoverythe first step in extracting oil from wells without the
addition of any substances, help in recovering only 14% of th2]oiThen secondary oil
recovery is performed where water is introduced to recover another 18% of the oil. Since
these processes could not yield more thantbind of QlIP, tertiary recovery, also called
Enhanced Oil Recovery (EOR), is needed to recover more oil. EOR processes drift the oil
to the production wells and consequently increase the production rate in tij2]fidldree
different types of EOR are present: chemical injection, steam injection (Ihe@fj and
miscible gas injection.

The main objective of EOR is to change the mobility of the oil left in the reservoir
after primary and secondary recovery. The oil is therefore trapped in the pores of the
reservoir due to viscous and capillary forf&s Chemical injection is the injection of a
certain liquid chemical that can lead to a change in the characteristicgpbisebehavior
to help in displacing the oil. The addition of surfactants is one of the main chemical
injection processes. Alkaline flooding is another process where alkaline will react with

different oil components to create surfactantsitu. (figure 1).
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Figurel: Chemical Enhanced Oil Recovery

At the reservoir conditions, the injection of a certain gas that can be miscible with
the oil in order to di ®epltao@eoi andi $2sc & lhlo evah

Onre of the main examples is the injection of miscibleCO
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Zone Bank oi
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— |:>

Figure2: Miscible gas injection



Thermal EOR, presented in figure 3, is the injection of a hot phase such as steam to
reduce the viscosity of oil. This process is Uigugpplied for heavy oil where the increase
in temperature will lead to a decrease in the viscosity of the trapped oil and therefore the

flow to the production wells will become easier.

Injection Production
Well Well
[ T 1T 1 X v e o e [T T T T
S I N N e I O O
N
£ |
C )
Flow >
!
E Steam |:| Hot water |:| Hot oil and water

Figure3: Thermal Enhanced Oil Recovery

B. Surfactant

Surfactants are surfa@etive substances that can adhere to a surface or an interface
and alter its properties. The adsorption of surfactants on mineral surfaces has a crucial role
in different fields such as lubrication, oil recovery, psscef waste, waterproofing, €dj.

By adhering and aggregating at the solid interface, these surfactants alter the interfacial
tension between fluids. The application of surfactants is based on their molecular
characteristics, i.e. their hydrophobic tail, which is the hydrocarbon (nonpetiipn

formed of 622 carbon atoms, and the hydrophilic head, which is the ionic (polar) section

3



[5]. Mainly, the properties related to surfeaetive components is given by the stability
betveen the hydrophobic and hydrophilic sections of a surfaf@anthe surfactant

structure is presented in figude

Polar Hydrophilic head  Non-polar Hydrophobic tail

Figure4: Surfactant structure

1. Classification of surfactants:

The nature of the hydrophilic group will categorize the synthetic surfactants
accordingly. They can be either anionic, cationic, nonionic or zwitterionic:
a. The anonic surfactant has a sulfate group, a cayboxgroup or a sulfonate group
for the hydrophilic sectiof6]. It dissociates in aqueous solution and lead to a
negative charge hence called anionic. The anionic type is an operative agent for
sandstone reservoifg]. They can lower the interfacial tension to very low
standards where the capillary pressure is almost{@erdhey display low
adsorption on the rock of the reservoir, and they can be economically synthesized
which make them the most used in industry. Examples: Sodium dodecyl sulfate,

sodium dodecyl benzenalfonate.



b. The cationic surfactant has a quaternary ammonium group for the hydrophilic head
[6]. It dissociates in aqueous solution and lead to a positive charge hence called
cationic. It forms stable solutions and it is the steadiest candidate in carbonate
reservoird7]. Examples: Cetyltrimethylammonium bromide (CTAB),
dodecylamine hydrochloride.

C. The nonionic surfactant has a polypeptide, a polyoxyethylene or a sucrose
hydrophilic head6]. It does not ionize in agueous solution and the hydrophilic part
is greater than the hydrophobic part. The nonionic molecule is g&anthard
water or brine with high salinity7]. They are also used as-sorfactants because
they have a low ability to decrease the interfacial tenf@prExample:

Polyethylene oxides.

d. The zwitterionic surfatant has both the anionic and cationic portions attached to the
same patrticle. There is no noteworthy research about this type of surfactants in
enhanced oil recovely]. However, Zhang et al. (2015) proved that this type of
surfactants has a strong tolerance to electrolyte, resistant to temperature and it has
better wetting performandé].

These four main categories are preseiriddble 1



Tablel: Classification of surfactast

Surfactants

S oo &

Soaps - Sulfoxides Amine Oxides - Amino Acids
- Sulfates - Ethoxylated - Amine Salts - Imidazoline
- Phosphates Alcohol - Quaternary - Lecithin

Sulfosuccinates Ammonium - Betaines

The adhesion of surfactants on the solid surface is mainly determined by the
electrostatic interaction between the charged head gifdhe surfactant and the inherent

charge of the surface when present in an aqueous phase

2. Application of surfactants

Surfactants are applied in a variety of applications from the purification of raw
substances to the quality improvement of cosmetics, dyes and pharmaceuticals.rirfacta
can be used in agrochemicals, processing foods, paints, mineral ores, lubricants, laundry
products, etc. They can also play a role in medical and biological applications, as well as in
health and safeti®]. Some of the important sections of the surfactant application are
presented in figure (6). According to the different applications where surfactants are being
used, the wanted properties sustsalubility, critical micelle concentration, wetting
control may considerably diff¢10]. In other words, specific characteristics are needed for

different applications. Even though the science of surfactantassdaved a practically



mature discipline, there is always new molecules that need to be designed in order to fulfill
some specific applications. One of the first and essential reasons surfactants are being used
is their ability to alter the properties oterfaces and surfacfd. This property makes

them subtle to progress where new products need to be developed to encounter industrial

changes fonew applications.

Detergents and cleaners

Paints, lacquers and /3 Cosmetics and personal
other coating products care products

Oy K
Pharameeuticals
Foods and packaging ! ! ! ! !
} Adsorption i )) Plant protection

Paper and cellulose and pest control

products
Medicine and
biochemical

Micelles research

l
< =

Plastics and composite
materials

Metal processing Textiles and fibers
5 2

! Leather and furs

Other “hi-tech™ areas

Emulsification

Oilfield chemicals \)

Mining and flotation

Foams

Chemical and other
industrial applications

Figure5: Major applications of surfactafitO]

3. Adsorption mechanism of surfactants on Solidquid interface

The performance of surfactants on an interface is mdetlgrmined by the amount
of surfactants needed to make a change on the surface and the maximum change it can yield
irrespective of the quantity used. The mechanism of surfactant adsorption are mainly

determined by three factors: (1) the structure of tsodate surfactani i.e. whether it
7



is charged or not, whether its tail is long or short, branched or straight; (2) the structure of

the solid surface i.e. whether it holds charged sites or it is nonpolar, the nature of the atoms

present in these site@) the environment of the solution such as pH, temperature, presence

of electrolyte[11].

Surfactants may adsorb on the solid surface according to different mechptigms

a lon exchange where the charged ions of the surfactant will replace the counterions
present on the surface from the solution.

b- lon pairing where the ions of surfactants will adsorb on the oppositely charged locations
where counterions are not present.

c- Acid-base interaction via hydrogen bond formation.

d- Hydrophobic attachment where the tendency of the hydrophobic group of the
surfactants is large enough to allow them to adsorb on the surface of the solid.

e Pol arization of °  ericheammationoctei ofthe surfactarit,if e e | e «
present, will adsorb on the strongly positive surface of the solid.

The direction in which the surfactant adsorbed on the surface will determine whether the

surface will be hydrophobic or hydrophilic: if the suntfant is adsorbed by its hydrophobic

group, the surface becomes more hydrophilic, and if the surfactant is adsorbed by its

hydrophilic group, the surface becomes more hydroptahic

The change in pH may affedte adsorption of surfactants: when the pH of the solution is

lowered, protons will be adsorbed on the solid surfaces making it more positive. Hence, the

adsorption of anionic surfactants will be favored. This change in pH can also affect the



surfactant cotaining an ionic group and transform it to a neutral molecule that will adsorb
on the surface through hydrogen bonding or dispersion fitdés

Generally, an increase in the temperature will lead to a decretisedfficiency of the

ionic surfactants being adsorbed on the surface. However, the effect of the temperature is

less pronounced than that of the [dH].

C. Surfactants in Oil Recovery

One of the applications slrfactants is its use in Enhanced Oil Recovery. In
chemical injection, the use of surfactants has always been challenging and for decades,
extensive efforts were made to design and optimize an appropriate surfactant to reach an
effective chemical EOR. Themoncept of adding surfactants into the reservoir goes back to
Uren and Fahmy in the early 19(@%. Using surfactants looks like a promising approach
to resolve some dess in the oil industry. In EOR, the polar section of the surfactant will
interact with water molecules and the nonpolar seatitininteractwith the residual oil
leading to oHin-water or watein-oil emulsiong12]. When being introduced to the
reservoir, the surfactants will be in contact with the oil imprisoned in the pores of the
reservoir rock, therefore decreasing the interfacial tension and mobilizing fBg oil
Consequently, the wettability of the resar will be driven to a more watavet system
thus reducing the residual oil saturation and increasing oil recpfjerijhe formation of
the microemulsion is due to thgection of primary surfactants. However, in some cases a
co-surfactant is added that will improve the efficiency of the primary surfactant either by

changing the viscosity of the liquids or by altering the energy of the surface. After the

9



injection of sufactants, a certain polymer can be introduced to regulate the mobility and
steady the flow pattern as well as improve the sweep efficiency [12]. For this mixture to be
moved smoothly into the producing well, water shoulghtsped as presented in figure 6

[12].

Injecti Seperation and -
well njection Storage facilities Production well

Surfactant
Solution from
Mixing Plant

([ -

N P 4
| |
LL u
[ ] v

' IZ|
Qil zone Surfactant Polymer Solution Drive water

Figure6: Mechanism of surfactant floodirfgr the removal of 0i[12]

Between oil and water, the interfacial tension will be reduced 86 mN/m to
very low values of 0.01 mN/m or legk3]. Reservoirs have different properties, hence the
surfactants used should be well suited to the reservoir conditions such as temperature,
pressure and rock minerals in order to reachléiv Nonetheless, one of the issues
restraining the efficiency is the unwanted loss of surfactants due to their adsorption onto the
rock of the reservoirl4]. Different factors can affect the adsorption of surfactant such as

10



their concentration, their type, the chaeaudtic of the rock, and the properties of the bulk
solution[13].

Wu et al (2005) investigated a set of branched alcohol propoxylate sulfate, which is
one type of anionic surfactants. Their results show that at low concentration, these
surfactants can reach an IFT as low as 0.01 mN/m or less between the brine and the oil.
They also showed that the IFT and the adsorption can be affected by the number of
propoxylate groupgL5].

In EOR, anionic surfactants are the most widely used due to their properties, their
stability, their low adsorptionrothe surface of the reservoir and their economical
manufacturing3]. Nonionic surfactants, which can withstand hggttinity brine, are
mainly used as esurfactants to enhance the performance of surfactants. On the other hand,
cationic surfactants are considered a bad option due to their strong adsorption on the rock

of the reservoif3]

1. Mechanismof oil removal

Using surfactants in enhanced oil recovery helps in changing the wettability of the
reservoir from oHwet to waterwet system. The mie the solid surface becomes watest,
the better it is for the desorption process. In this case, the oil droplets will have smaller
contact angle with the surface and hence the efficiency of the oil displacement will
significantly improveg16]. Active substance of oil will adsorb on the solid surface hence,
turning it to an odwet system. Once they adsorbed on thisnait surface, they start

spreadingon it as it is shown in figure. 7

11



#— Active substance from crude

Figure7: Oil wet surface

In the presence of two fluidsoil and bring’ surfactants may adsorb on the solid

surface according to different mechamd s ms.

mechanism which is shown schatically in figure 8

Figure 8: Roll-up mechanism for oil removal

During this process, the contact angle between theaiér interface and the
surface will decrease in order to remove the droplet of oil from the/t@¢kWhat drives
the separation of oil from the surface is the variance of interfacial tensions between the
three phased8]. When the contact angle is greater
commonly obtainefl9]anditw I | be ideally increased to

firolulpion go[t8E ur s
12
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According to Youngds equati on, chanfsins h

and is presented in figure (10):
” ” . WE+ Q)
Where, s the interfacial tension between the surface and the oil

» IS the interfacial tension between the surface and water

» IS the interfacial tension between oil and water

— is the contact angle between-wisiter interface and the surface
The dropl et oweoldsllu®[18.hen
., and, will decrease due to the adsorption of surfactants on theatekr interface
and on the surface of the film formed by the crude oil respectiyelywill remain
constant during the process. Therefakeé— will increase and hence- will decrease. In

this way, the oil droplets will be easily removed and the efficiency will be imprid&d

L Surfactant #— Active substance from crude

Figure9: Schematic diagram of the adhesion analysis of the oil droplet
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Twosuppek ment ary mechanisms are -opourring ot
mechanism: emulsification and solubilization.

Emulsification, which is considered independent of the nature of the rock,
comprises an interaction between the oil and the surfdd@trhe mechanism is shown
in figure (11). I n this nddiff udiffuserbetweén me c h a
the drop of oil and the rock causing removal of b]. The reduction of the interfacial
tension permits the deformation of the oil fiiman easy manner and the formation of

minor droplets of emulsiof20].

Figure10: Emulsification mechanism for oil removal

In the solibilization process, which is presented in figlitethe oil is being soluble into

situ made microemulsion independent of the rock surfa@g Miller and Raney define the
solubilization mechanism as being related to the removal of oil with a large amount of polar
elements. The interaction between these constituents and the surfactants nhkeyttgii

grow until the intermediate phase come off into the aqueous phase leaving room for the oll
to be in contact with the surfactant solution. In case there is a large amount of surfactant

with respect to the oil, direct solubilization into the mieglimay occuj20].
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Figure11: Solubilization mechanism for oil removal

In the last two mechanisms, a chunk of the oil is removed the surface by making the
interface between the water and oil unstgbig.

The change of wettability of oilsing surfactants is delicate to different aspects such as the
pressure, temperature, size and concentration of surfactants, primary contact angle, charge

of particle, charge and roughness of the rock surfacd1&c.

2. Formation of Microemulsion

Microemulsions are a mixture of two immiscible liquid phaségdrocarbon and
water- assisted by a surfactant tlzan be present alone or with asigfactan{10]. This
transparent mixture has the potential to decrease the interfacial tension between water and
oil to very low values, to lower the viscosity and change theality of the system as
stated by Zhu et al. (2008)]. All of theseparameters are important to be able to mobilize
the oil. With water or oil, microemulsion can reach very low IFT values in the range®of 10
mN/m and this is the basis of their stabi[it®]. According to Kayali et al (2010), the
performance of oil recovery is best predicted by the performance of the interfacial tension

using microemulsion procesgé$].
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The formation of microemulsion is strongly @glent on the structure and quantity
of the surfactants and @urfactants used. For example, nonionic surfactants can form
microemulsions without adding other elements while cationic surfactants need a co
surfactan{16].

At low surfactant concentration, the molecules will start spreading in the form of
monomers and as the injections are repeated for EOR, the concentration increases and
therefore, aggregation of molecules starts taking place until reaching the critical micelle
corcentration (CMC). Above this value, formation of micelles oc§BfsThis process is
shown in figure 12In the case whereater is the solvent, the formation of micelles will be

shaped in a way where the tail section is pointed inward and the head section is pointed

outward. If the solvent is hydrocarbon, the surfactant will be oriented in the reversed

direction[3].

Monomers in solvent
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>

Figurel12: Process for micelle formation

The effect of surfactant adsorption with respect to the surflactacentration is

represented by the Gibbs adsorption isotherm:
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W — — (2)

Wh e riés thé adsorption density of surfactants.

R is the gas constant.

T is the temperature.

T [is the surface energy change.

1 &czis the surfactant concentration change.

The principle of flodling surfactants into the reservoir is to decrease the energy of the
surface which is described by equatiofi2]. This decrease in energy as a function of

surfactant conceration for micellization is represented in figur®.

Logio[concentration of surfactant]

Figure13: Surface energy as a function of surfactant concentration

Below the CMC value, the surface energy is still decreasing with the increase of
surfactant concentrians, whth is shown by the linear slope[ft 6c& This constant
slope shows that there is no change in the adsorption density when the surfactant

concentration is increased. The decreases in surface energy is due to an increase in the
17



chemical ptential when continuously adding more surfactants and this is shown in

equation 3:

A A QYDE (3)

WhereA is the standard chemical potential of component | (1M for solutes and 1 atm for
gas mixtures).

k is Boltzmann costant.

When the pressure, temperature and composition of the elements are considered stable, the
el evation of the systemds free energy whil e
describe the chemical potential.

Even though the adsorption deggiémains constant, it will decrease the energy needed to
form a new surface, therefore the energy of the surface keeps decreasing until reaching the

CMC.
At the CMC, a sudden change happens due to havirg T1(i.e. no adsorption).

In this region, micelles start to form and this formation of aggregates takes every
supplementary molecules. In this case, the concentration of monomers remains constant
[12].

Surfactants have an essential part in forming the precise type of microemulsion that
decreases the interfacial tension of{2i].
The type of surfactant, electrolytes and the rock properties that exist in the mixture
determines the adsorption isotherm. Adsorption starts occurring when aggregates start

establishing at the surfacétbe rock and the formation of a monolayer takes place. An
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extra layer begins to form once the monolayer adsorption reaches equilibrium. When
multiple layers start forming, surfactant will be lost remark§daj.

The loss of surfactant by phase trapping, adsorption on the surface and precipitation was
studied a lot by Ahmadall (1993), Somasundaran and Zhang (2006) and then by Lv et al.
(2011). This phenomenon reduces the availability to move the trajipthase trapping is

the passage of surfactants in the microemulsion or oil phase due to high salinity and high
temperature leading to unmet needs concerning the low IFT condBloishe process of
adsorption is due to the structure of surfactant, oil saturation, temperature, salinity and ion
exchange. It is one of theaim processes to determine the amount of surfactant needed for

the EOR proced21].

D. The QCM-D Technique

The Quartz CrystaMlicrobalancewith dissipationQCM-D) involves a
piezoelectric, thin quartz crystal inserted between a pair of elecfi2@le3 he principle
behind the QCMD is to keep track ohie mass change by checking how the resonance
frequency (f) and the dissipation (D) are varying when an AC voltage is being applied.
When the quartz sensor is subjected to an electric field, it begins to oscillate at a certain
frequency that is associatadthe mass of the crystal. This change in frequency is
somehow related to mass loading and liquid loading (liquid trapping is being ignored since
the crystal surface is smoofl24]. The mass loading, which is described by the
Sauerbreyds equation is suitable to the con

distributed, does not slip at tirgerface, thin and rigid, and goes as foll[28]:
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w A — (4)
Where6 — p g ng Hz'cm?for a 5 MHz quartz crystal (characteristic constant).

tqis the thickness of the quartz crystal
} qis the density of the quartz crystal
fo is the fundamental frequency oktlquartz crystal in air
n=1, 3,5, 7 denoting the overtone number.
pf is the change in frequency.

The QCMD technique was shown to be highly dependable in order to measure any
small change in the nanogram range concerning the adsorption of spesadid sarfaces
[25]. When adsorption occurs on the surfatée crystal, its mass starts increasing leading
to a change in the oscillation frequency. For this reason, researchers are using it to evaluate
the chemical EOR methods in a simple and fast way by examining the
adsorption/desorption of different commrts from solid surfaces at the microscopic level

[24].

1. Effect of Different Parameters othe Adsorption of Surfactants on Solid Surfaces

Different parameters may affect the adsorption of surfactants:
Surfactant Concentration

A study conducted by Terrexejia et.al. showed that at low concentration,
association of all surfactants to thedhycarbon adsorbed on the mineral surface od¢éiirs

The surfactant will b@resent as monomers and there is an equilibrium between these
20



surfactants and the interfaf@6]. Surfactant micelles start to appear as the concentration is
increased while the rest associates with the hydrocarbon molecules. It was realized that
there was a competition between sedbociation and the association with the other
molecules. At high carentrations, complete desorption of the hydrocarbon chains occurs
since they are enclosed by the hydrophobic tails of surfactants forming a complex with the
outer components being the hydrophilic heads of surfadi2its

Apaydin and Kovscek indicated in their experiments, that very high concentration can lead
to deviation from normality: buildup of pressure gradient may occur against the flow
direction[2].

Using QCMD, Ray et al showed in their study that the adsorption of surfactant increases,
and hence the frequency decrease, as the concentration of solution increases near the

critical micelle cocentration (CMC). Past the CMC, the frequency stabi[i26k
Electrolyte Concentration

Hybrid enhanced oil recovery process was considered using-RQWburani et al
showed that injecting low salinity solutions results in lower surfactant adsofpdpriAs
the concentration of electrolyte increases, the adsorptionfattant reaches a maximum
at lower surfactant concentration. In other words, the formation of the monolayer happens
at smaller surfactant concentratiggs].

The oil desorption efficiency (ODE), which is the ratio of oil desorbed by surfactant
flooding over the oil initially adsorbed, was also calculatethftbe basis of surfactant

adsorption on the surfa¢g4]. After comparing the ODE with and without the low salinity
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solution, the results showed higher value in the presence of low salinity solution than in its

absenc¢l14].
Surfactant Size

By comparing the results using two diffatesurfactants, Nourani et al indicated
that the higher the volume tail and the higher the Critical Packing Parameters (CPP) of a
surfactant the more the adsorption, in the presence of high electrolyte concefitdgtion

The CPP is represented by the following formula:

600 — (5)

Where V{is the volume of the hydrocarbon tailjssthe head group area andlthe
hydrocarbon length.

Moreover, the longer the hydrophobic chain, the higher the adso[p#ipn

Li et al used the QCND technique to show that heavy components are more likely to stay

adsorbed on the saide than light components, whatever the type is, due to the strong

interaction between oil and the surfg28]. Their results are summarized in figurd)(1
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Figurel14: Desorption properties of SARA and bitumen on silica, kaolinite and calcium carbonate in
aqueous solution23].

Mineral Surface

The mineral composition of the roblas a high impact on the adsorption of
surfactan{27]. The mineral surfaces weinvestigated where the surface with negatively
and positively charges show more adsorption than scigdeged surfacg44].

They also showed that the charge of the mineral surface affect the adsorption/desorption
process: silica and kaolinite are negatively chargete contrary to calcium carbonate,

this will lead to high interaction between the negatively charged oil fractions and the
calcium carbonate surface and therefore the desorption will be much more difficult to
occur. Calcium carbonate has the highenajf toward the oil components, followed by

kaolinite and then by silic23].
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Acid Number

Nourani et al also showed that the lowest ODE was for the crude oil with the
highest tdal acid number. Therefore, the desorption increased when acidic components

decrease{l4].
Inclusion Complex

RomereZeron et al evaluated a new concept in preventing the adsorption of
surfactant by -tyolodemirimcgmpkexes. Frencthe aymamic@dsorption
evaluation, the use of the complex has decreased the surfactant addoy@il%427].

Also the QCMD measurements show that the adsorption of thesia complex is 50%

less than the adsorption of the surfactant aj@idg
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Figure15: Adsorption of surfactant (a) in fregate and (b) in complex stdf.

24



CHAPTERI

MATERIAL AND METHODOLOGY

A. Material
1. Chemicals

Two different surfactants were studied in this researbk:anionic surfactants
sodium dodecyl sulfate (SD8&pm SigmaAldrich and the nonionic surfactant Tritorr X

100. Their molecular structure is shown in figgité and 1helow and their properties is

shown in table.

Figurel7: Molecular structure of Triton 00

Table2: Properties of the three different surfactants used in the study

SDS Triton X -100
Chemical formula NaCioH2sSOy C14H220(CoH40)n (n=9-10)
Molar Mass (g/mol) 288.372 647
Density (g/cnf) 1.01 1.07
CMC (mM) in DW 8.2 0.220.24
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Threetypes of oil were used: a synthetic oil whichnidodecangCHs(CH.)10CHs,
with a molecular weight of 170.33 g/mol and a density of 0.75 dfom SigmaAldrich,
and?2 types ofcrudeoil importedfrom Kuwait.
Gold and silica sensoobtainedirom Qsensdiolin Scientificwereneeded to mimic the
pores of a reservoir. In addition, one kind of mineral nanopatrticles, silica, was used to
prepare the mineral surface.
Other materials were @d in the experiments such as sodium chlofi|, with a
molecular weight of 58.44 g/mol to prepare the saline solutions, the N,N
dimethylformamide (DMF) for the surface energy analysis. In addition, ammonia NH
hydrogen peroxide ¥#D>, ethanol GHsOH and 2% SDS were used for the cleaning process

of the gold and silica sensors.

2. Instruments and equipment

In order to quantify the adsorption of SDS and desorption of oil from tremaiktd
sensors and study the microscopic interaction between solidgjaiad, the QCMD
instrument from @ense was used. This instrument is a technique that enables the
measuring of the mass of the particles added or removed in terms of frequency, and the
matrix stiffness resulting from the adsorption in terms of dissipafihe different parts of
the QCMD are shown in figure&

The instrument will be calibrated with air and the temperature will be kept constant
during the experimental ruA control solution such as distilled water or a saline solution

will be flushedinto the chamber until a baseline is perceived, in this thaflow rate will
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remove any material that is not adsorbed to the surfafferent concentration of
surfactants will be compared to the control solution in order to determine the amount of oi

desorbed from the surface of the sensor.
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In order to coat the sensors with the appropriate material in a uniform manner, the
spin coating technique was perform&te spin coater used is from Laurell Technologies

model number: V8-650MZ-23NPP shown in figura&9.

Figurel9: The spin coater used in the study

3. Material characterization

a. Crude oll

The two types of crude oil were imported from a field from Kuwait. Crude oil A,
which is lighter than crude ldB, was first filtered using a hydrophobic membrane in order
to remove the water present in it.

The densiesof crude oilA and B wagdeterminedat 2IxC with a DMA-35 density
meter(RheoSense). The density of the crude oil A was determinieel ©.794/ml (API=
46.7) hence making it a light oil, whereas the density of crude oil B was determined to be

0.871 g/mL (API = 30.96) making it a medium oil
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In addition,the viscosity wasneasurd at 2(xC with a microVISC viscometer
(RheoSense) for the crude oil A. The value was determined to be 17.83 cP. For the crude
oil B, a FungiLab viscometer was used to obtain a viscosity of 30.224 cP.

Using the OCA 15PROptical tensiometethe interfacial tension was determined by the
pendant drop technique and it was found to be 24.26 mN/m for crude oil 28a51d
mN/m for the crude oil B.

The different properties of the two types is summarized in the table below.

Table 3: The different properties of thwvo oil used in the experiment
Type A Type B

Density (g/mL) 0.794 0.871
APl (9 46.7 30.96
Viscosity (cP) 17.83 30.224
IFT (mN/m) 24.26 78.51

b. Silica sensor

The surface free energy ofetsilica sensor was determined using the optical
tensiometer by getting the surface tension (SFT) of water andDiéthylformamide
(DMF) and their contact angle (CA) on the surface. The dissipative (d) and polar (p)
components for these two components a0 determined by the optical tensiometer.
From the OWRK calculation method, the surface free energy of the silica sensor was 50.07

mN/m. The final results are shown in tallle

Table4: The total and component surface tensiowafer and DMF

SFT SFT (d) SFT (p) CA (9
(total) (mN/m) (mN/m)
(mN/m)
Distilled 72.60 26.00 46.80 50.09
water
DMF 37.35 32.42 4.88 39.94
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Figure20: Water (A), DMF (B), crude oil A (C) and crude oil B (D) pendant

B C D

A

Figure21: Water (A), DMF (B), crude oil A (C), and crude oil B (D) droplets on silica sensor

In addition, Fourier transform infrared (FTIR) spectroscopy was used to determine

the surface composition of tlsensor. It was composed of neat SiO
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Figure22: FTIR spectrum of silica sensor
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c. Work of adhesion

The work needed for the separation of the interface with the state of equilibrium of
liquid-liquid or liquid-solid phase boutary defines the work of adhesion.

The work of adhesion of oA\ on the silica surface was also determined by the
optical tensiometer to be around 67.14 mN/m and that of oil B on the same surface was

78.81 mN/m.

B. Methodology
1. Preparation of solutions

a. Preparation of surfactant solutions

For the SDS solutionsliquots of different surfactant concentratioeneprepared
and the amount &DSin gramswascalculated accordingly. The amount measured will be
added to a 100 mL beaker and then filled wiistilled water to reach the volume needed
(100mL).

Forexample, to prepaf@1wt% SDS solution, 0.1 g ahe surfactant is needed and
the beaker is filled with distilled water to reach 100 mL. Tasdbows all the SDS

solutions used in this research.
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Table5: weight of SDS for different SDS solution samples

Sample no SDS Amount of Total
concentration SDS () volume

(Wt%) (mL)

1 0.01 0.0100 100

2 0.05 0.0500 100

3 0.10 0.1000 100

4 0.20 0.2000 100

5 0.50 0.5000 100

6 1.00 1.0000 100

8 2.00 2.0000 100

For the Triton X100 solutions, a stock solution of 0.04 wt% (0.618 mM) was
prepared and different dilutions were performed accordingly.

The stock solution (0.618 mM) was prepared by adding 0.03738 mL of Triton X
100and filling the beaker with distilled water until reaching 500 mL. The different
dilutions are shown in tabl Vswckis the volume that should be taken from the stock

solution while \bw is the volume of distilled water that should be added to the spluti

Table6: The stock volume needed for the different TritorlG0 concentrations

Sample Triton X -1.00 Triton X -1.00 Veiook Total
o concentration concentration (mL) Vow (mL) volume

(Wt%) (mM) (mL)
1 0.0400 0.6180 100.00 0.00 100.®@
2 0.0300 0.4637 75.03 24.97 100.00
3 0.0200 0.3090 50.00 50.00 100.00
4 0.0150 0.2318 37.51 62.49 100.00
5 0.0100 0.1546 25.01 74.99 100.00
6 0.0050 0.0773 12.50 87.50 100.00
7 0.0020 0.0309 5.002 94.998 100.00
8 0.0015 0.0232 3.751 96.249 100.00
9 0.0010 0.0155 2.500 97.500 100.00
10 0.0005 0.0077 1.250 98.750 100.00
11 0.0001 0.0015 0.250 99.750 100.00
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b. Preparation of brine solutions

Three different brine solutions were prepared in 100 mL flasks. The salt
compositions were used for thesadption process to mimic the reservoir conditions and
study the effect of electrolyte in the removal of oil. The solutions were labelled as low

salinity (LS) and moderate salinity (MShe different concentrations are presented in the

table below.
Table7: Amount of NaCl in different concentrations of brine solutions
Solution Concentration Amount of NaCl  Total volume (mL)
(ppm) (9)
Low Salinity (LS) 2000 0.2 100
Moderate Salinity 6000 0.6 100
(MS)

c. Preparation of surfactants saline solutions

For the low salinityi surfactant solutions and moderate saliinigurfactant
solutions, 0.2 g and 0.6 g of NaCl were added respectively with different amount of
surfactant to a 100 mL beaker and the rest is filled with distilled water
For the SDS surfactant, the proper amount of SDS and NaCl is shown inBtabs for

low and moderate salinity respectively.

Table8: Amount of SDS in low salinity solutions

SDS concentration in LS Amount of SDS (g) Amount of NaCl (g)

(%)

0.005 0.0050 0.2000
0.010 0.0100 0.2000
0.020 0.0200 0.2000
0.050 0.0500 0.2000
0.100 0.1000 0.2000
0.200 0.2000 0.2000
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Table9: Amount of SDS in moderately saline solutions

SDS concentration in MS Amount of SDS (g) Amount of NaCl (g)

(%)

0.002 0.002 0.6000
0.005 0.005 0.6000
0.010 0.010 0.6000
0.050 0.050 0.6000
0.100 0.100 0.6000
0.200 0.200 0.6000

For the Triton X100 surfactant solutions, the amount of Tritord®0 and NaCl is
shown in tabled0and11for low and moderately saline solutions respectively. These

solutions are prepared by diluting a solution of 0.04% TritelOR in distilled water.

Table10: Amount of Triton X100 in low salinity solution

Triton X -100 Volume from stock Amount of NaCl (g)
concentraion in LS solution (0.04% wi/v)
0.0001 0.2500 0.2000
0.0005 1.2505 0.2000
0.0010 2.5000 0.2000
0.0020 5.0019 0.2000
0.0050 12.5048 0.2000
0.0100 25.0097 0.2000
0.0150 37.5081 0.2000
0.0200 50.0194 0.2000

Table11: Amount of Triton X100 in moderately saline solutions

Triton X -100 Amount of Triton X -100 Amount of NaCl (g)
concentration in MS (mL)
0.0001 0.2500 0.6000
0.0005 1.2505 0.6000
0.0010 2.5000 0.6000
0.0015 3.7508 0.6000
0.00 5.0019 0.6000
0.0050 12.5048 0.6000
0.0100 25.0097 0.6000
0.0150 37.5081 0.6000
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d. Preparation of silica solution

High concentration of silica was prepared by mixing smashed particles in deionized
water. The mixture was stirred and sonicated fomif? The suspension was centrifuged
for 3 min followed by decantation to remove the sediment.

e. Preparation o€rudeoil B solution

Different concentrations of crude oil were tested in different solvents to check their
miscibility. Afterwards, the approjate solution was spin coated on the silica sensor and

checked for readability using the QCM

2. Coating of sensors

The silica solution prepared in the section above was used to prepare a mineral
surface on the gold sensor. Afterwards, the oil stydiddther synthetic or crude, was

coated on the silica surface.

3. Contact angle measurement

Using the optical tensiometer, the measurement of the contact angle was considered
by dispensing a water droplet on the surface. The droplet volume was measared by
mechanical injector and set tqu8. In order to avoid any fluid still existing on the tip, a
Teflon syringe was utilized. A CCD camera linked to an image analyzer recorded how the
droplet has extended and from the base width and the height, the emgfiacivas

automatically calculated.
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4. CMC determination

The CMC for all the surfactants with different salinities was determined. For the
anionic surfactant SDS, the CMC was found using the conductivity method, while for the

nonionic surfactant, the sade tension using the optical tensiometer was performed.

5. Sensors cleaning

a. Gold sensors

Preparation of the cleaning solution: 10 mL of distilled water, 2 mL of ammonia
NH3 (under the hood) and 2 mL of hydrogen peroxid®tare added to a 50 mL beaker.

Heating the cleaning solution: the solution will be heated using an electric heater
under the hood until the temperature reache€.8bhe heated solution will be poured into
the beaker containing the holder holding the sensors.

Drying the sensors: Ehesensor should be hold by a tweezer separately for the
drying process. Ethanol should be dropped on both surfaces. The sensor should then be put
under a gentle flow of filtered dry air orgas in order to dry them completely. After that,
distilled water(control) should be dropped on both surfaces and then, again, put under
gentle flow of filtered dry air or Blgas. The sensors should be placed in a clean and sterile
PetriDish.

UV light exposure: the Petbish containing the sensors should be clcaed
stapled tightly and then placed under UV light in a UV chamber atde§fee position (in

this way the sensors are normal to the light source).
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b. Silica sensors

Treatment with UV light for 10 minutes.

2% SDS in distilled water should be prepared:& SDS added to 100 ndistilled
water.

The solutionwvaspoured into the beaker containing the holder holding the sensors
and sonicateébr 30 minutes at room temperature.

Drying the sensor: Each sensor should be hold by a tweezer separately for the
drying process. It is essential to keep the surfaces wet when submeggmgith SDS
before rinsing them well witHistilled water. The sensor should then be put under a gentle
flow of filtered dry air or N gas in order to dry them completely.

The sengrs should be placed in a clean and sterile {Bagt.

UV light exposure: the Petbish containing the sensors should be closed and

stapled tightly and then placed under UV light in a UV chamber atde§fee position (in

this way the sensors are naito the light source).
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CHAPTERIII

RESULTS

A. Optimization
1. Crude oil B solution

After spin coating crude oil B on the silica sensor, the initial frequencies were not
readable using the QG due to the high thickness of the oil on the surfaleiting oil B
with different solvent was tested: ethanol and acetone were not miscible while hexane was
otherwise. After choosing the right solvent, 8 different concentrations of crude oil B were

diluted in hexane were tested from 0.100 g/mL to 0.002_glsxshown in figur@3.

Figure23: Samples of different concentration of crude oil B in hexane

After filtering the samples with syringe filters (0.22 pum), 20uL of crude oil B
solutions were coated on the silica sensors and left for 30 min to dry. TheDR&bigwed

the following setup measurement results:
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0.1 g/mlL — 0.01 g/mL

14842210

0.08 g/mL— 24733517 43.7

0.008 g/mL —

0.05 g/mL—<
0.005 g/mL—

14837126 318
24725269 40.5
34611951 62.7
44499383 63.3
54386159 79.5 3

0.02 g/mL— 0.002 g/mL—

From these results, the maximum oil concentration that can be used is 0.02 g/mL in
hexane showing thé®vertone, which is the overtone studies in this research. The silica

sensor coated with this concentration of oil is shown in the figure below.

Figure24: Silica sensor coated with 0.02 g/mL of crude oil B in hexane
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The contact angle was then evaluated to check for the hydrophobicity of the surface:

the contact angle of watérair i surface has increased from an average ofot2® clean

sensor until reaching an average of 68° for a coated sensor.

After 24h, the sensors wereegaluated using the QG2 and the 3 overtone was

shown for a maximum of 0.02 g/mL crude oil B in hexane, which is the concentration

adopted in thistudy:

Sens:Res | F (Hz) [=XeT=N5] Sens:Res |F (Hz) | D {1E-6)
— {a5as.s [ r 49498791.7 87.7
Mot found 145292365 215.8
Mot found 24712481 351.7
0.1 g/m L- Mot found 0.01 g/m L- 34594355 414.5
Mot found
Mot found Mot found Mot found
o un
= Fp—— L Mot found Mot found
Mot found [ 4353752.9 57.6
O 08 /m |_ Mot found 14544104 41.0
-
. Mot found 24737054 34.8
9 pioe o 0.008 g/mL- 2eamse  faee
Mot found 44520559 43.2
1071.3 L [EEEE 54412223 57.1
Mot found - 4949254.9 297.5
0 05 / L Mot found 14833122 512.4
g m 24721206 515.1
. Mot found .
0005 Q/ml_< 34508053 513.9
Mot found
Mot found Mot found Mot found
- Mot found Mot found
4.7 —
4951157.6 42.1
194825922 202.2 1as35072 a9.2
0.02 g/ml_ 24707093 591.5 0.002 a/mL- 24725044 63.8
Mot found Mot found . g m 34511532 80.3
Mot found Mot found 4 :-oth [EEEELER.] o97.2
Mot found | L [EEEETT 54355075 120.8

Mot found

2. Coating of gold with silica

For the first trial, 0.5 mL of 0.4 wt% silica suspension was pipetted to the gold sensor
placed on the spin coater at a speed of 250 rpm for 30s. Another 0.5 mL of solution were
added to the spinning sucat 2000 rpm for 30s and then leaving it for 60s at 5000 rpm.
The results were not satisfying since the surface remained hydrophobic even after coating

with silica. This is also shown by the poor amount of silica adhered to the surface as shown

in the tdble below.
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Tablel12: The contact angle and weight of the gold sensor before and after coating with silica for

trial 1
Before coating with After coating with

silica silica

Gold sensor  CA (°) T average 93.02 84.70
1 m (mg) 115.4@ 115.481

Gold sensor CA (°) T average 85.52 78.52
2 m (mg) 114.801 114.838

Gold sensor  CA (°) T average 75.1 68.2
3 m (mg) 112.595 112.635

The water dropleton the different silica sensoasepresented in figur25, 26 and
27 before and afteroating the gold sensors with the silica solutions showing the

stabilization of the hydrophobicity.

» B - B

Figure25: Water droplet on gold sensor 1 before (A) and after (B) coating witia sili
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Figure26. Water droplet on gold sensor 2 before (A) and after (B) coating with silica

Figure27: Water droplet on goldensor before (A) and after (B) coating with silica

After different trials, the following speed and time were programmed to obtain a
relatively smooth and uniform silica surface: stepl: 100 rpm for 30s; step2: 300 rpm for
30s; step3: 1000 rpm for 60¢ep4: 3000 rpm for 60s and step5: 5000 rpm for 30s. The
results, shown in table3lwere acceptable with a quite good adhesion of silica on the

surface.
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Table13: The contact angle and weigtitthe gold sensor before and after aogitwith silica with
the appropriate speed and time of spin coating

Before coating with  After coating with

silica silica

Gold sensor 1 CA (°) T average 89.92 19.94
m (mgQ) 112.037 112.074

Gold sensor 2 CA (°) T average 92.32 29.98
m (mgQ) 114.800 114839

Gold senso 3 CA (°) T average 83.88 26.23
m (mgQ) 113.979 114.022

Figure28. Water droplet on gold sensor 1 before (A) and after (B) coated with silica

To make sure that the silica is well adkgton the surface of the gold sensor, water
has been injected until a baseline is perceived. A small amount of silica was removed and

the contact angle remained approximately the same as shown in the table below.

Tablel14: The conact angle and weight of the silica coated gold sensor before and after injecting the
QCM-D with distilled water

Before coating  After coating  After QCM -D

with silica with silica run
Gold CA (°) 1 average 76.33 7.62 7.45
sensor4 m (mgQ) 112.609 112.642 112.633
Gold CA (°) 1 average 77.89 4.46 3.60
sensor 5 m (mgQ) 113.995 114.025 114.019
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3. Coating of sensors with dodecane

Silica coated gold sensors
The silica coated gold sensors where then coated with dodecane. The results for the

first trial are slown in the table below

Tablel15: The contact angle and weight of the silica coated sensors before and after coating with
dodecane for the first trial

Before coating with  After coating with

dodecane dodecane
Silicacoated gold CA (°)i average 19.94 24.56
sensor 1 m (mQ) 112.074 112.102
Silicacoated gold CA (°)i average 29.98 30.29
sensor 2 m (mQ) 114.839 114.879

After trying different speed and time combination for spin coating, the same results
were obtained where tlsirface of the sensor remained hydrophilic. Hence, dodecane did

not adhere on the surface of the silica coated gold sensors.

Tablel16: The contact angle and weight of the silica coated sensors before and after coating with
dodecandinal combination

Before coating with  After coating with

dodecane dodecane
Silica coated gold CA (°) i average 7.45 12.82
sensor 4 m (mgQ) 112.633 112.640
Silica coated gold CA (°) 1 average 3.60 8.67
sensor 5 m (mQ) 114.019 114.050

Silica sens@

20 pL of dodecane was pipetted to the silica sensor placed on a spin coater. After
different trials, the following speed and time were programmed: stepl: 350 rpm for 30s;
step2: 550 rpm for 30s; step3: 750 rpm for 30s; step4: 950 rpm for 30s andL&t&pHHm

for 30s. But the results at di fferent combi
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of the wateii air - surface did not increase by much. The different results are presented

below:
Tablel7: The contact angle drnweight of the silica sensors before and after coating with dodecane
Before coating with  After coating with

dodecane dodecane

Silica sensor 1 CA ()1 average 44.46 51.19
m (mQ) 115.117 115.129

Silica sensor2 CA ()1 average 43.27 50.54
m (mQ) 113.157 113.161

Silica sensor3 CA (°) 1 average 36.43 56.87
m (mgQ) 113.109 113.141

Silica sensor4 CA (91 average 46.28 48.97
m (mgQ) 115.116 115.121

Silica sensors CA (91 average 49.76 48.59
m (mgQ) 113.108 113.112

4. CMC determination

The QMC is dependent on the molecular structure of the surfactant studied and is
subjective to any inorganic salt present in the solution. At the CMC where the formation of
micelles start occurring, some characteristics of the surfactant undergo sudden changes
such as the conductivity and the surface tension. By studying these changes, the CMC of

the two surfactants in three different medium is determined below.
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SDS in 0% NaCl(using conductivity method)

Table18 The conductivityof different SDS concentrations in distilled water.

DW SDS Total V Stock SDS SDS Conductivit
initial solutio  (mL) SDS solution solution y
volume n (g/L) (g/L) (mM) (uS/cm)
(mL) added
V (mL)
25 0 25 20 0
25 0.5 25.5 20 0.392 1.36 0.166
25 1 26 20 0.769 2.67 0.232
25 15 26.5 20 1.13 3.93 0.308
25 2 27 20 1.48 5.14 0.371
25 2.5 27.5 20 1.8 6.31 0.424
25 3 28 20 2.14 7.44 0471
25 3.5 28.5 20 2.46 8.53 0.516
25 4 29 20 2.76 9.58 0.554
25 4.5 29.5 20 3.05 106 0.588
25 5 30 20 3.33 116 0.619
25 5.5 30.5 20 3.61 12.5 0.648
25 6 31 20 3.87 13.4 0.677
25 6.5 31.5 20 4.13 14.3 0.705
25 7 32 20 4.37 152 0.731
08 0.8
507 g 0.7 y =0.0315x + o.2g:g>o‘
% 0.6 @ 06 R2=o.9.9g9o-
.05 <05 +°
S 04 E 0.4 o
03 S 0.3 o
202 S, | _.® y=00493x+0.1064
S o1 S o1 ¢ R2=0.9955
0 0
0 5 10 15 20 0 5 10 15 20
SDS concentration (mM) SDS concentration (mM)

Figure29: The conductivity vs the SDS concentration in distilled water.

The CMC for the SDS solutian distilled water was confirmed to be 8.29 mM

(2.39 g/L).
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SDS in 0.2% NaCl (using conductivity method)

Table19: The conductivity of different SDS concentrations in low salinity solution.

LS SDS Total  Stock SDS SDS Conductivity
initial solution \% SDS solution solution (uS/cm)
volume addedV (mL) (g/L) (g/L) (mM)
(mL) (mL)
25 0 25 15 0
25 0.5 25.5 15 0.294 1.02 3.73
25 1 26 15 0.577 2.00 3.78
25 15 26.5 15 0.849 2.5 3.83
25 2 27 15 1.11 3.8 3.85
25 2.5 27.5 15 1.6 4.73 3.87
25 3 28 15 1.61 5.58 3.89
25 3.5 28.5 15 1.84 6.40 3.91
25 4 29 15 2.07 7.19 3.92
25 4.5 29.5 15 2.29 7.9%5 3.94
25 5 30 15 2.5 8.68 3.96
4 4

y = 0.0229x + 3.7603 .

= 3.95 = 3.95
_ o
E 5 R2=0.9987 -
g 3.9 3 3.9 o®
2 2 r
S 3.85 S 3.85 .
3 S st
T 38 T 38
S S ¥ y=0.0495x + 3.6806
3.75 3.75 R2 = 0.9996
)
37 37
0 2 4 6 8 10 0 2 4 6 8 10
SDS concentration (mM) SDS concentration (mM)
Figure30: The conductivity vs the SDS concentration in low salinity.
The CMC for the SDS solution in low salinity was determined to be 2.99 mM (0.86
g/L).
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SDS in 0.6% NaCl (using conductivity method)

Table20: The conductivity of different SDS concentration in moderate salinity.
MS SDS TotalV  Stock SDS SDS  Conductivity

initial  solution  (mL) SDS solution solution (uS/cm)
volume added (g/L) (g/L) (mM)
(mL) VvV (mL)
40 0 40 15 0 9.99
40 0.5 40.5 15 0.185 0.643 9.98
40 1 41 15 0.366 1.27 10.01
40 15 41.5 15 0.542 1.88 10.03
40 2 42 15 0.714 2.48 10.04
40 2.5 42.5 15 0.882 3.06 10.06
40 3 43 15 1.06 3.63 10.07
10.09
10.08 —~ ig’g? y = 0.0266x + 9.9792.9
__10.07 5 R2=0.9993 .
£ 10.06 @ 10.06
5 10.05 3 10.05 -
3 2 10.04
z 0 £ 10.03 o
2 1003 S 10.02
= 2 10.
é 10.02 S 10.01 .
S 10.01 O 1
S 10 9.09 y = 0.041x + 9.9588
9.99 ' . =1
: 9.98
9.98 0 1 2 3 4
0 1 2 3 4 SDS concentration (mM)
SDS concentration (mM)
Figure31: The conductivity vs the SDS conductivity in moderate salinity.
The CMC for the SDS solution in moderate salinity was determined to ineM.4
(0.403 g/L).
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Triton X -100 in 0% NaCl (using surface tension method)

Table21: The surface tension of different Tritor200 concentrations in distilled water.

DW TX Total V  Stock TX TX IFT
initial  solution (mL) TX solution solution (mN/m)
volume added (g/L) (g/L) (mM)
(mL) VvV (mL)

25 0 25 0.4 0
25 0.5 25.5 0.4 0.00784 0.0272 645
25 1 26 0.4 0.01%¢ 0.0534 53.9
25 15 26.5 0.4 0.0226 0.0786  51.2
25 2 27 0.4 0.0296 0.1 49.3
25 2.5 27.5 0.4 0.0364 0.126 46.8
25 3 28 0.4 0.042 0.1 46.0
25 3.5 28.5 0.4 0.0491 0.171 43.8
25 4 29 0.4 0.052 0.1 46.1
25 4.5 29.5 0.4 0.0610 0.212 43.7
25 5 30 0.4 0.0667 0.231 41.1
25 5.5 30.5 0.4 0.0721  0.250 40.4
25 6 31 0.4 0.0774 0.2 39.7
25 6.5 31.5 0.4 0.0825 0.287 387
25 7 32 0.4 0.0875 0.3%4 39.4

70 70

65 65 ®

°0 =% 91.972x + 60.825

=-91. + 60.

g > S ss oy R? = 0.7806

> 50 E 50 ® o

E 5 I 45 S i)

L 40 40 B ‘.‘2'
5 s R
30 30

0 0.1 0.2 0.3 0.4 0 0.1 0.2 0.3 0.4
Triton X100 concentration (mM) Triton X-100 concentration (mM)

Figure32: The interfacial tension vs the concentration of Tritef00 in distilled water
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The CMC for the Triton XLOO solution in distilled water was confirmed to be 0.211

mM (0.136 g/L).

Triton X -100 in 0.2% NaCl (using surface tension method)

Table22: The surface tension of different concentrations of TritehOR in low salinity.

DW TX Total V. Stock TX TX IFT
initial  solution (mL) TX solution solution (mN/m)
volume added (g/L) (g/L) (mM)
(mL) VvV (mL)
15 0 15 0.4 0
15 0.5 155 0.4 0.0129 0.0199 53.0
15 1 16 0.4 0.02%9 0.0386 521
15 15 16.5 0.4 0.036¢ 0.0562 51.7
15 2 17 0.4 0.0474  0.0727 46.5
15 2.5 17.5 0.4 0.0571 0.0883 44.3
15 3 18 0.4 0.066/  0.103 42.0
15 3.5 18.5 0.4 0.07%  0.117 37.8
15 4 19 0.4 0.0842 0.130 39.4
15 4.5 19.5 0.4 0.0923 0.143 37.4
15 5 20 0.4 0.100 0.1% 37.3

(63}
ol
o))
o

(63}
ol

50 o y =-142.3x + 57.262
' [ ) 2 —
— =50 R2=0.9198
g 45 E
=z Z ‘®.
£ E 4 ‘.
= 40 = .
LL LL
- -0 o
e
35 35
y =-25.76x + 41.466
2 =
30 30 R?=0.1885
0 0.05 0.1 0.15 0.2 0 0.05 0.1 0.15 0.2
Triton %100 concentration (mM) Triton X100 concentration

Figure33: The interfacial tension vs the concentration of Tritefi00 in low saliniy.
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The CMC for the Triton XLOO solution in low salinity was determined to be 0.135

mM (0.087g/L).

Triton X -100 in 0.6% NaCl(using surface tension method)

Table23: The surface tension of different Tritor200 concentrationi# moderate salinity.

DW X Total V.  Stock TX TX IFT
initial  solution (mL) TX solution solution (mN/m)
volume added (g/L) (g/L) (mM)

(mL) VvV (mL)

15 0 15 0.4 0

15 0.5 15.5 0.4 0.012903 0.019943 58.28

15 1 16 0.4 0.025 0.03864 50.34

15 15 16.5 0.4 0.036364 0.056203 46.72

15 2 17 0.4 0.047059 0.072734 40.79

15 2.5 17.5 0.4 0.057143 0.08832 40.56

15 3 18 0.4 0.066667 0.10304 39.83

15 3.5 18.5 0.4 0.075676 0.116964 40.11

60 60 .

55 55 ..y =-319.94x +64.022
. . R2 = 0.9627
€50 E 50 ¢
Z pd )
£ 45 E 45
— —
LL 40 L 40

y =-18.969x + 42.13
35 35 R? = 0.6952
30 30
0 0.05 0.1 0.15 0 0.05 0.1 0.15
Triton X100 concentration (mM) Triton %100 concentration

Figure34: The interfacial tension vs the ammtration of Triton X100 in moderate salinity.

The CMC for the Triton XLOO solution in moderate salinity was determined to be

0.0727 mM (0.047g/L).
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B. Crude oil B

For the heavier oil crude oil Bi two surfactants were studieSDS and Triton X
100.Each of these two surfactants was analyzed with 3 different salinity concentrations:
distilled water with is 0% saline, low salinity (0.2% saline) and moderate salinity (0.6%
saline). Moreover, with each of these salinity levels, different concentraticadutions
were studied. After different runs, the results that converge are the ones selected and shown
in the tables below.

For each concentration of a certain surfactant in a specific salinity, the weight of the
sensor before and after coating wagetimined in order to see how much oil has adsorbed
on the surface in mg.

In addition, the initial frequency, the frequency after coating, the frequency before
and after desorption were computed in order to check the amount of oil adsorbed and
desorbedrom the silica surfaceinmg/dusi ng Sauebreyds equation.
percentage of oil desorbed can be estimated.

The dissipation before and after coating of the silica sensor with the crude oil B solution
was also computed. The increase in tresigiation indicate the development of a soft
molecular film.

Each surfactant concentration in a certain salinity was run separately in order to determine
how much this specific amount has desorbed oil on the surface.

All of the runs were performed at anstant temperature of 20°C and a flow rate of 100

pL/min.
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One representative graph is presented for each case, the remaining two graphs will

be shown in AppendiA.

1. Control solutions
Distilled water (0.0% NacCl)

Table24: Weightof silica sensors before and after coating with crude oil B solution for the three
runs and the amount of oil adsorbed ufsedlistilled water control solutian

W clean W coated Adsorption

(mg) (mg) (mg)
Runl  113.535 113.851 0.316
Run2  116.189 116.449 0.260
Run3  115.714 115.918 0.204

For the distilled water control solution, the average of oil adsorbed on the silica

surface i9.260 + 0.0005 mg.

Table25: The frequency before and after coating, before and after desotpgcsanount of oil
adsorbed and desorbed with the percentage of mass desorbed from the silica sensor for the three runs
usedfor the distilled water control solution

F clean F coated F before F after pF Adsorpt Desorpt % of
(HZ) (HZ) desorption desorption  desorbe ion ion mass
(Hz) (Hz) d(Hz) (ng/lcm? (ng/cn?  desorb
) ) ed
1 14,847,740 14,836,023 14,835,832 14,843,913 8,081 0.0691 0.0477 0.690
2 14,841,740 14,824,268 14,824,265 14,834,943 10,678 0.103 0.0630 0.611

3 14,837,862 14,819,391 14,819,332 14,832,032 12,711 0.109 0.0750 0.688

The averageatio of oil desorbed from the surface is 0.668.0450

Table26: The dissipation values before and after coating of the silica sensor with the crude oil B
solution used fothe distilled water control solution.

D clean (9-6) D coated (9-6) P Dadsorption (6-6)

Runl 15.0 116.2 101.2
Run2 15.1 287.1 2720
Run3 15.1 6580 642.9
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The average dissipation increase after coating is around 338.7 +®.05 e
The frequency and dissipation versus the time is shown in the figure below. This

graph will illustrate one of the runs.
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Figure35: A representative plot showing the change in frequency and dissipation verstistime
distilled water control solution

Low Salinity solution (0.2% NacCl)

Table27: Weight of silica sensors before and after coating with crude oil B solution for the three
runs and the amount of oil adsorbed usedHerlow salinity control solutian

W clean W coated Adsorption
(mg) (mg) (mg)
Run 1 115.920 116.000 0.08
Run 2 116.187 116.462 0.275
Run 3 114.088 114.308 0.22

For the low salinity control solution, the average of oil adsorbed on the silica surface is

0.192 + 0.0005 mg.
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Table28: The frequency before and after coating, before and afterptasg the amount of oil
adsorbed and desorbed with the percentage of mass desorbed from the silica sensor for the three runs
used for thdow salinity control solution.

F clean F coated F before F after pF Adsorpt Desorpt % of
(HZ) (HZ) desorption desorption desorbe 10N ion mass
(Hz) (Hz) d¢(Hz) (ng/cn? (ng/cn¥  desorbe
d
1 14,861,931 14,859,622 14,858,032 14,859,456 1,424 2).0136 2).00840 0.617
2 14,842,094 14,831,076 14,831,034 14,838,448 7,414 0.0650 0.0437 0.673
3 14,853,788 14,832,042 14,831,%3 14,847,752 15,799 0.128 0.0932 0.727

The averageatio of oil desorbed from the surface is 0.670.0550

Table29: The dissipation values before and after coating of the silica sensor with the crude oil B
solution used fothelow salinity control solution.

D clean (6-6) D coated (8-6) P Dadsorption (8-6)
Run 1 15.8 124.5 108.7
Run 2 25.9 912 886.1
Run 3 16.6 473.1 456.5

The average dissipation increase after coating is around 483.8 +®.05 e
The frequency and dissipation versus the time is shown in the figure below. This

graph will illustrate one of the runs.
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Figure36: A representative plot showing the change in frequency and dissipation versus tiave the
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Moderate Salinity solution (0.6% NacCl)

Table30: Weight of silica sensors before and after coating with crude oil B solution for the three
runs and the amount of oil adsorbed used fontbderatesalinity control solution

W clean W coated Adsorption
(mg) (mg) (mg)
Run 1 116.207 116.625 0.418
Run 2 115.597 115.853 0.256
Run 3 114.768 115.049 0.281

For the distilled water control solution, the average of oil adsorbed on the silica

surface i9.318 + 0.0005 mg.

Table31: The frequency before and after coating, betore after desorption, the amount of oil
adsorbed and desorbed with the percentage of mass desorbed from the silica sensor for the three runs
used for themoderatesalinity control solution.

F clean F coated F before F after pF Adsorpt Desorpt % of
(HZ) (HZ) desorption desorption desorbe ion ion mass
(H2) (Hz) d(Hz) (ng/cn? (ng/cn?  desorb
) ed
1 14,841,874 14,819,867 14,819,868 14,839,199 19,331 0.130 0.114 0.878
2 14,839,969 14,818,178 14,818,147 14,836,414 18,267 0.129 0.108 0.838

3 14,839,917 14,820,886 14,820,874 14,835,837 14,963 0.112 0.0883 0.786

The averageatio of oil desobed from the surface is 0.834 + 0.0461.

Table32 The dissipation values before and after coating of the silica sensor with the crude oil B
solution wsed for themoderatesalinity control solution

D clean (6-6) D coated (6-6) P Dadsorption (6—6)

Run 1 16.0 10940 10780
Run 2 25.2 1047.1 1021.9
Run 3 16.0 552.5 536.5

The average dissipation increase after coating is around 878.8 =6.05 e

The frequency and dissipation versus the time is shown in the figure belsw. Th

graph will illustrate one of the runs.
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Figure37: A representative plot showing the change in frequency and dissipation verstistime
moderatesalinity control solution

2. SDS
a. 0% NacCl

0.05% SDS

Table33: Weight of silica sensors before and after coating with crude oil B solution for the three
runs and the amount of oil adsorbed used for 0.05% SDS in distilled water.

W clean W coated Adsorption
(mg) (mg) (mg)
Runl 115.802 116.090 0.288
Run2 115.905 116.175 0.270
Run3 113.529 113.633 0.104

For 0.05% SDS in distilled water, the average of oil adsorbed on the surface is

0.221 + 0.0005 mg.
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Table34: The frequency before and after coating, before and after desorption, thet afnoilin
adsorbed and desorbed with the percentage of mass desorbed from the silica sensor for the three runs
used for 0.05% SDS in distilled water.

F clean F coated F before F after pF Adsorpt Desorpt % of

(HZ) (HZ) desorption desorption desorbe ion ion mass
(Hz) (Hz) d(Hz) (ng/lcm? (ng/cn?  desorb
) ) ed

1 14,846,482 14,827,497 14,827,134 14,840,254 13,120 0.112 0.0774 0.691
2 14,847,291 14,837,292 14,833,713 14,840,348 6,635 0.0590 0.0391 0.664
3 14,848,078 14,834,781 14,834,58 14,842,944 8,436 0.0785 0.0498 0.634

The averageatio of oil desorbed from the surface is 0.668.0285.

Table35: The dissipation values before and after coating of the silica sensor with the crude oil B
solution used for 5% SDS in distilled water.

D clean (6-6) D coated (8-6) P Dadsorption (8-6)

Runl 25.2 812.6 787.4
Run2 16.2 704.9 688.7
Run3 18.6 178.1 159.5

The average dissipation increase after coating is around 545.2 +®.05 e
The frequency and dissipation versus the time is shown in the figure below. This

gragh will illustrate one of the runs.
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Figure38: A representative plot showing the change in frequency and dissipation versus time for
0.05% SDS in distilled water.

0.10% SDS

Table36: Weight of silica sert's before and after coating with crude oil B solution for the three
runs and the amount of oil adsorbed used for 0.10% SDS in distilled water.

W clean W coated Adsorption
(mg) (mg) (mg)
Runl 115.125 115.368 0.243
Run?2 113.115 113.325 0.210
Run3 115.76 115.963 0.248

For 0.10% SDS in distilled water, the average of oil adsorbed on the surface is

0.234 + 0.0005 mg.

Table37:The frequency before and after coating, before and after desorption, the amount of oil
adsorbed and dedzed with the percentage of mass desorbed from the silica sensor for the three runs
used for 0.10% SDS in distilled water.

F clean F coated F before F after pF Adsorpt Desorpt % of

(H Z) (HZ) desorption desorption desorbe 10N ion mass
(Hz) (Hz) d(Hz) (ng/cn? (ng/cn¥  desorb
) ) ed

1 14,839,201 14,827,546 14,826,847 14,836,926 10,079 0.0688 0.0595 0.865

2 14,846,171 14,830,583 14,830,566 14,844,567 14,001 0.0920 0.0826 0.898

3 14,837,945 14,818,337 14,817183 14,834,123 16,940 0.116 0.100 0.864

The averageatio of oil desorbed from the surface is 0.876%.0193.

Table38: The dissipation values before and after coating of the silica sensor with the crude oil B
solution used f00.10% SDS in distilled water.

D clean (9-6) D coated (6-6) P Dadsorption (6—6)
Runl 14.9 893.4 878.5
Run2 16.6 651.9 635.3
Run3 16.1 891.3 875.2

The average dissipation increase after coating is around 796.3 =6.05 e
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